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Abstract
Terrestrial runoﬀ represents a major source of mercury (Hg) to aquatic21
ecosystems. In boreal forest catchments, such as the one in northern Sweden
studied here, mercury bound to natural organic matter (NOM) represents a
large fraction of mercury in the runoﬀ. We present a method to measure Hg24
stable isotope signatures of colloidal Hg, mainly complexed by high molecu-
lar weight or colloidal natural organic matter (NOM) in natural waters based
on pre-enrichment by ultrafiltration, followed by freeze-drying and combus-27
tion. We report that Hg associated with high molecular weight NOM in
the boreal forest runoﬀ has very similar Hg isotope signatures as compared
to the organic soil horizons of the catchment area. The mass-independent30
fractionation (MIF) signatures (∆199Hg and ∆200Hg) measured in soils and
runoﬀ was in agreement with typical values reported for atmospheric gaseous
elemental mercury (Hg0) and distinctly diﬀerent from reported Hg isotope33
signatures in precipitation. We therefore suggest that most Hg in the boreal
terrestrial ecosystem originated from the deposition of Hg0 through foliar
uptake rather than precipitation. Using a mixing model we calculated the36
contribution of soil horizons to the Hg in the runoﬀ. At moderate to high flow
runoﬀ conditions, that prevailed during sampling, the uppermost part of the
organic horizon (Oe/He) contributed 50-70 % of the Hg in the runoﬀ, while39
the underlying more humified organic Oa/Ha and the mineral soil horizons
displayed a lower mobility of Hg. The good agreement of the Hg isotope re-
sults with other source tracing approaches using radiocarbon signatures and42
Hg:C ratios provides additional support for the strong coupling between Hg
and NOM. The exploratory results from this study illustrate the potential
of Hg stable isotopes to trace the source of Hg from atmospheric deposition45
through the terrestrial ecosystem to soil runoﬀ, and provide a basis for more
in-depth studies investigating the mobility of Hg in terrestrial ecosystems
using Hg isotope signatures.48
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1 Introduction
Humans are exposed to toxic methyl-mercury (MeHg) primarily through the
consumption of fish [1]. In Scandinavia, over 60 % of all freshwater lakes51
contain fish with Hg concentrations exceeding the EU guideline for fish con-
sumption [2]. Hg enters aquatic ecosystems by direct atmospheric deposi-
tion or via catchment runoﬀ from terrestrial ecosystems [1]. The prediction54
of future Hg concentrations in the atmosphere, aquatic environments, and
eventually in fish is essential for the assessment of future human Hg expo-
sure through fish consumption. Anthropogenic Hg emissions have led to a57
20 % increase in the soil Hg pool [3]. International eﬀorts to reduce pri-
mary anthropogenic Hg emissions, agreed on by the Minamata Convention
on Mercury coordinated by the United Nations Environment Programme [4],60
will result in reduced atmospheric deposition. With the decrease in direct at-
mospheric Hg(II) deposition related to primary anthropogenic emissions, one
can expect an increasing relative contribution of Hg from terrestrial runoﬀ63
to aquatic ecosystems. Furthermore, increasing temperatures driven by cli-
mate change are expected to increase the export of natural organic matter
(NOM) from boreal systems [5] and accordingly may result in higher Hg66
export associated with NOM. It is therefore essential to understand the Hg
sources and input pathways from terrestrial ecosystems and how they re-
spond to changes in environmental conditions and atmospheric Hg deposi-69
tion, in order to predict the development of Hg concentrations in aquatic
ecosystems. Understanding the Hg transfer from boreal forests to aquatic
ecosystems is of special importance because the highest fish Hg concentra-72
tions in Sweden and Finland have been observed in regions of boreal conif-
erous forests [2]. Hg forms strong complexes with NOM[6], which has an
important role in controlling terrestrial Hg runoﬀ, illustrated by a strong75
correlation between dissolved Hg concentrations and dissolved organic car-
bon concentrations.[2, 7, 8, 9, 10, 11]. A survey on natural freshwaters from
the USA by Babiarz et al. reported that a large fraction of the dissolved Hg78
(<0.45 µm) is associated with high molecular weight NOM or other colloids
(>10 kDa)[12]. A strong coupling of terrestrial Hg runoﬀ to NOM was also
3
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described in studies using terrestrial organic matter biomarkers as tracers for81
the source of Hg in lake sediments [13, 14]. MeHg from terrestrial sources
was shown to exhibit a higher potential for bioaccumulation than MeHg in
sediments [15]. Forest management practices were shown to aﬀect both NOM84
and Hg export to aquatic ecosystems, e.g. through forest harvest (clear-cut),
after which increased Hg concentrations in water, zooplankton, and fish have
been observed [9, 16, 17, 18, 19, 20]. In two accompanying studies we re-87
ported that forest harvest lead to an enhanced MeHg formation in soils and
an increased MeHg transport from the same study sites [21, 22].
The analysis of natural Hg stable isotope signatures provides a promising90
tool to trace sources and transformations of Hg in the environment [23, 24].
Atmospheric gaseous elemental mercury (Hg0) and oxidized Hg(II) in pre-
cipitation, the two main atmospheric mercury sources for terrestrial ecosys-93
tems, are characterized by distinct mass-independent Hg isotope anomalies
[25, 26, 27, 28, 29, 30, 31, 32]. Using the isotopic fingerprints of Hg0 and
Hg(II) in precipitation recent studies could show that 60-90 % of Hg found96
in soils originated from the direct deposition of Hg0 through uptake by plants
and subsequent litterfall [29, 31, 32, 33, 34]. These findings are in contrast
to previous concepts that oxidized Hg(II) in precipitation is the dominant99
pathway of atmospheric Hg deposition [1, 35]. In aquatic ecosystems, Hg
stable isotope analysis has been successfully applied to trace Hg sources in
fish [36, 37, 38, 39], e.g., by relating the Hg isotope signature of fish to the sig-102
natures of sediments and thereby inferring the contribution of anthropogenic
pollution in fish [37] or the role of sediments as food source [38]. Furthermore,
Hg stable isotopes were used to elucidate diﬀerences in MeHg sources between105
terrestrial and aquatic organisms [40, 41, 42]. To fully understand processes
governing Hg transformations and uptake into organisms using Hg stable
isotopes it is essential to know the isotopic signature of the Hg source [42].108
Direct measurements of Hg stable isotope signatures in surface water, the link
between the source of Hg and the aquatic organisms, however are limited to
few studies [43, 44]. Only recently, analytical techniques have been developed111
for the measurement of stable Hg isotopes in natural water samples, based
on acid digestion and pre-enrichment on an ion-exchange column [44, 45, 46]
4
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or stannous chloride reduction and purge and trap [25, 31, 32, 47, 48]. So far114
aqueous Hg isotope data have been mainly reported for precipitation samples
(rain and snow) [25, 26, 27, 28, 29, 47] exhibiting low NOM concentrations.
Here, we developed an alternative method based on an ultrafiltration tech-117
nique used for pre-enrichment, suitable for water samples with high NOM
concentrations (>10 mg/L) combined with a two-step oven combustion sys-
tem. This approach may prove useful in many natural aquatic environments,120
because the transport of Hg is closely linked to NOM and many important
Hg transformation processes (e.g., methylation, demethylation, reduction)
occur in NOM-rich environments. In this exploratory study we investigated123
Hg stable isotope signatures of NOM-bound Hg in a boreal forest catchment
runoﬀ in northern Sweden and compared it to signatures of diﬀerent soil
horizons, some of them already published previously [33]. The study had the126
following objectives: (i) to develop and validate a pre-enrichment method
for the measurement of Hg isotope signatures in water samples with high
NOM concentrations, (ii) to investigate if the isotopic signature of catch-129
ment runoﬀf is fractionated with respect to the Hg pools in soils, (iii) to
trace the source of Hg in boreal catchment runoﬀ back to soil horizons and
atmospheric deposition pathways.132
2 Experimental section
2.1 Materials and reagents
Polyethylene canisters (25 L) were cleaned in the laboratory with 0.24 M135
HCl/ 0.32 M HNO3 (2×) and ultrapure water (>18 MΩ cm, 3×) and rinsed
with sample water in the field (3×). All filtration steps were performed with a
peristaltic pump (Masterflex I/P, Cole-Parmer) equipped with spallation-free138
pump-tubing (GORE Style 100SC, Cole-Parmer). All tubing, manometer,
valves and fittings were made of Teflon to minimize Hg and NOM sorption.
0.45 µm cross-flow filtration was performed with a 142 mm mixed cellulose141
ester membrane (HAWP14250, Merck Millipore) on a self-constructed Teflon
filter-holder. For ultrafiltration, a hollow-fiber system was used (1 kDa cut-
5
Page 57 of 108 Environmental Science: Processes & Impacts
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
oﬀ, Polysulfone, UFP-1-C-9, GE Life Sciences). The filtration system was144
cleaned by circulating 0.05 M citric acid (pH 2-2.5) and NaOH (0.1 M) for 0.5
h each, to remove iron precipitates and organic matter, respectively, followed
by repeated flushing with ultrapure water.147
2.2 Study area
Samples were taken from four small catchments (5-30 ha) of boreal forests
in northern Sweden close to Junsele (Figure SI S3.1, coordinates: 63◦50’ N,150
17◦00’ E), each drained by a first-order stream. Two sites (reference site 1
and 2) were covered by mature (>80-years-old) Norway spruce (Picea abies)
forest stands. At two sites (clear-cut site 1 and 2) with similar mature stands,153
trees were harvested two years before and planted with Norway spruce one
year prior to the sampling. All soils were classified as either Podzols or His-
tosols [49] and have been actively drained by ditches dug in the early 1900’s156
to increase forest productivity. Soil profiles were sampled in July 2011 at
5 locations along a transect perpendicular to the first-order stream, as de-
scribed previously by Jiskra et al. [33]. The distance from the soil profiles159
to the stream was between 1 and 72 m (SI Table S1 and S2), covering the
riparian zone and lower sections of the hillslopes representing the transition
between discharge areas and upland prior to forest harvest (reference site 1162
and 2) and new discharge areas created after harvest (clear-cut site 1 and 2).
Composite samples consisting of 5 soil samples taken within approximately
10 m2 were divided into surface organic horizons (Oe/He), underlying Oa/Ha165
organic horizons exhibiting a higher degree of humification, and for Podzols
mineral E+B horizons. Of the Ha and B horizons only the top 15 and 5 cm
were sampled, respectively. Soil Hg isotope signatures of the harvested sites168
(clear-cut site 1 and 2) are presented for the first time in this publication.
Soil Hg isotope signatures from reference site 1 and 2 have been reported
previously [33]. Water samples from the first-order streams in the runoﬀ of171
the four boreal forest catchments were collected in September 2012 for Hg
isotope and radiocarbon analysis. In addition to the first-order streams, a
larger stream draining all of the four catchments (Lillsele stream) and the174
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inlet and outlet of a nearby lake (Va¨stra Kortingvattnet, VK) were sam-
pled (Figure S1). Water samples for total Hg and dissolved organic carbon
(DOC) analysis were taken at 9 occasions during 2011 and 2012 (Figure S2)177
[21]. Reference sites 1 and 2 correspond to the REF1 and REF2 above the
postglacial marine limit (ML), and the clear-cut site 1 and 2 correspond to
CC2 and CC3 above ML in the studies of Kronberg et al. [21][22].180
2.3 Soil sample preparation
The soil sampling and oven combustion procedure has been described previ-
ously by Jiskra et al. [33]. In short, composite samples were homogenized183
using a 4 mm cutting sieve, dried in an oven at 45 ◦C and further homog-
enized using a rotary disk mill. The sample powder was used for elemental
concentrations, Hg isotope, and radiocarbon analyses. For Hg isotope anal-186
ysis, the samples were combusted in a two-stage combustion oven connected
to an oxidizing liquid trap, as previously described [33].
2.4 Water sample preparation189
We developed a sample enrichment procedure for Hg associated with high
molecular weight NOM and colloids (size range: 1 kDa to 0.45 µm) based
on pre-enrichment by ultrafiltration. For aqueous samples with high NOM192
concentrations (13.7 to 58.5 mg L−1) with background concentrations of Hg
(3.9 to 14.0 ng L−1) and low sulfide concentrations (below detection limit to
0.2 µM) as found in boreal forest runoﬀ of this study [21, 22], Hg(II) is mainly195
complexed to thiol (SH) groups of NOM [6, 50, 51]. Some Hg(II), in particular
from the clear-cut sites exhibiting more reducing conditions[21, 22] might
also be present in the form of Hg-sulfide nanoparticles coated with NOM198
[52]. A large fraction of the Hg(II) is associated with high molecular weight
NOM or other colloids (>1 kDa)[12] and therefore ultrafiltration allows for
an enrichment of Hg, together with the >1 kDa fraction in the retentate.201
A scheme of the pre-enrichment steps is given in Figure 1. 50 L of wa-
ter per sample were transported to the laboratory on the day of sampling
and refrigerated at 4 ◦C (step 1, Figure 1) until filtration was performed.204
7
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Samples were filtered within 24 h using a 0.45 µm cutoﬀ crossfiltration mem-
brane to remove particulate matter and bacteria (step 2, Figure 1). Water
samples were then circulated over the tangential flow ultrafiltration system,207
with water, dissolved ions, and low molecular weight NOM passing through
the cutoﬀ (<1 kDa) of the ultrafiltration membrane (permeate). Over time
(≈6h) this led to an enrichment of colloids, mainly characterized by higher210
molecular weight NOM (>1 kDa) and concomitantly Hg in the remaining
fraction (retentate, >1 kDa, <0.45 µm) (step 3, Figure 1). For the Swedish
runoﬀ samples in our study, this process allowed an enrichment of on average213
38 % (±10 %) of the total dissolved (<0.45 µm) Hg in the ≈1L retentate
sample, resulting in an enrichment factor (C(Hg)retentate/(C(Hg)feedsolution)
of ≈20 compared to the initial Hg concentration (ESI Table S7). The ≈1L216
retentate used for Hg isotope analysis was frozen and the remaining water
was removed by freeze-drying (ALPHA 2-4 LDplus, Christ) (step 4, Figure
1). Finally the freeze-dried organic carbon was combusted in the two-stage219
oven system and total Hg trapped in an oxidizing liquid trap (step 5, Figure
1), as previously described for soil samples by Jiskra et al. [33].
During tangential-flow ultrafiltration, the concentration of NOM in the222
permeate is not only dependent on the membrane cutoﬀ, but also on the
NOM concentration in the retentate. Furthermore, membrane fouling occurs
over time. Therefore, the fraction of NOM recovered in the retentate depends225
on the number of cycles the retentate has passed over the membrane. It is
important to note that this decrease of the NOM fraction in the retentate
with cycle number is associated with the physical performance of the ultrafil-228
tration process and does not imply any change of the molecular structure of
the NOM or the speciation of Hg. Therefore the Hg fractions in the retentate
were highest in the study by Babiarz et al. [12] (5 L feed volume), followed231
by the SM validation samples (10 L feed volume) and the Swedish runoﬀ
samples (50 L feed volume). It is important to note that the Hg fraction in
the <0.45 µm to >1 kDa retentate has to be understood as the ultrafiltra-234
tion method yield and not as a quantification approach of the size fraction
between <0.45 µm and >1 kDa in the natural sample. We therefore suggest
that the physical enrichment based on molecular size of the NOM did not237
8
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introduce any methodological artifacts on the Hg isotope composition, even
though only a part of the total Hg in the system was enriched together with
the higher molecular weight NOM.240
water sampling ultrafiltration freeze-drying combustion trap
1 L 1 g 15 mL
> 1000 Da
5 ppt 5 ppt 100 ppt 100 ppb  5 ppb
V, m
Hg
tot
filtration
< 0.45 Pm
50 L50 L
(1) (2) (3) (4) (5)
1:1 20:1 1000:1 1:15
Figure 1: Schematic overview for the enrichment of Hg in water with high
NOM concentration for Hg isotope analysis. Volumes (V) of water samples
and mass (m) of solid sample and typical total Hg concentrations (Hgtot). The
ratios represent typical enrichments in Hg concentration during ultrafiltration
and freeze-drying and dilution during combustion.
To validate the enrichment method, water from a small lake in the peat-
land Seleger Moor (SM, Riﬀerswil, Switzerland) with high NOM concentra-
tions (≈33 mg L−1) and low Hg concentration (<<10 ng L−1) was collected.243
The SM validation samples (10 L) were filtered (0.45µm) and then spiked
with 50, 100, and 250 ng L−1 of our inhouse Hg isotope standard (ETH-
Fluka), conditioned for 24 h, and processed as described above. During246
ultrafiltration (step 3, Figure 1) the permeate fraction (<1kDa) and the re-
tentate fraction (<0.45 µm, >1kDa) were collected separately in addition to
a fraction recovered from the ultrafiltration membrane by rinsing with 2L249
ultrapure water (rinse).
2.5 Analytical methods
Solutions of the oxidizing liquid trap, containing 1 % KMnO4 (w/v) in252
10 % H2SO4 (v/v) were pre-reduced using 0.66 % (w/v) hydroxylamine-
hydrochloride (NH2OH-HCl) and diluted to 5 or 2.5 ppb Hg for isotope mea-
surements. Hg isotope signatures were measured using cold vapor generation255
stannous chloride reduction (CV; HGX-200, Cetac) coupled to a multicollec-
tor inductively coupled plasma mass spectrometer (MC-ICPMS) as described
9
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in detail previously [33, 53, 54]. Briefly, all Hg masses were measured simul-258
taneously for 108 integration cycles of 5 sec. Measured Tl (NIST-997) masses
203 and 205, continuously introduced using a desolvating nebulizer (Apex,
Elemental Scientific) were used for instrumental mass bias correction. Hg261
isotope signatures are reported relative to the bracketing standard (NIST-
3133) measured prior to and after each sample. Mass-dependent fractiona-
tion (MDF) is reported as δ202Hg (eq: 1) and mass-independent fractionation264
(MIF) as ∆199Hg, ∆200Hg, ∆201Hg, and ∆204Hg (eq: 2 − 5) following previ-
ous recommendations of Blum and Bergquist [55] and Coplen [56].
δ202Hg =
(202Hg/198Hg)sample
(202Hg/198Hg)NIST−3133
− 1 (1)
∆199Hg = δ199Hg − (δ202Hg × 0.2520) (2)
∆200Hg = δ200Hg − (δ202Hg × 0.5024) (3)
∆201Hg = δ201Hg − (δ202Hg × 0.7520) (4)
∆204Hg = δ204Hg − (δ202Hg × 1.493) (5)
267
The regularly measured in-house standard (ETH-Fluka) reproduced with
δ202Hg= -1.44! ±0.12 !, ∆199Hg= 0.07±0.05 !, ∆200Hg= 0.01±0.06 !
and ∆201Hg= 0.03 ±0.06! (2σ, n=21) and the process standard (Mon-270
tana Soil, NIST-2711), combusted in the oven-enrichment system after every
10 samples reproduced at δ202Hg= -0.12±0.10 !, ∆199Hg= -0.23±0.07 !,
∆200Hg= 0.00±0.04 ! and ∆201Hg= -0.18±0.02 ! (2σ, n=10), consistent273
with previously published values [54, 57, 58, 59, 60, 61]. The accurate mea-
surement of Hg isotope signatures in organic soil matrices was validated
by measurements of peat samples low in ambient Hg spiked with inorganic276
Hg(II), consistent with direct measurements of the inorganic Hg(II)-salt (ESI
10
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Table S9) [33].
Total dissolved Hg concentrations were measured using cold vapor atomic279
fluorescence spectrometry (CV-AFS; Millennium Merlin, PS Analytical) and
DOC (<0.45 µm) was measured using a total organic carbon analyzer (TOC,
Dimatoc 2000, Dimatec). For solid samples, carbon and nitrogen were mea-282
sured by a CHNS analyzer (LECO) and the total Hg concentration was mea-
sured by combustion atomic absorption spectrometry (LECO AMA-254).
Element concentrations (Z>11) were measured by energy-dispersive X-ray285
fluorescence analysis (XRF; Spectro-X-Lab 2000, Spectro) of pressed pellets
of powdered samples with wax (4 g sample, 0.9 g wax).
Radiocarbon signatures were measured on the soil sample powders and288
freeze-dried organic carbon of the water samples after pre-enrichment. Sam-
ples were graphitized and high precision 14C signatures measured on an ac-
celerator mass spectrometer (AMS, ETH Zurich) [62]. Since the majority of291
samples contained post-bomb carbon, the radiocarbon data are reported as
fraction relative to modern carbon (F14C) according to Reimer et al.[63].
2.6 Mixing model294
The contribution of litter-derived and precipitation-derived Hg was calcu-
lated using a binary mixing model taking into account triple Hg isotope
signatures (δ202Hg, ∆199Hg, ∆200Hg) of the litter endmember from the lo-297
cal site and previously published data for Hg in precipitation [33]. The Hg
contribution of diﬀerent soil horizons to the catchment runoﬀ was calculated
with a mixing model using Hg isotope signatures as tracers. We assumed300
that the Hg isotope signature in the dissolved phase was a mixture of the
diﬀerent sources, represented by the bulk soil horizon measurements and that
there was no Hg isotope fractionation associated with leaching of Hg from303
the soils. Thus, the signatures of the source pools (Oe/He, Oa/Ha, and E+B
horizon) were treated as conservative tracers. The limitations of the conser-
vative tracer approach will be addressed in the discussion. The distribution306
of the source signals was modeled based on the measured results (average
and standard deviation, ESI Table ESI) using the pseudo-random number
11
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generation function of Matlab (R2012a, MathWorks) and the contributions309
of the soil samples were simulated with a Monte Carlo simulation approach
(details in ESI).
3 Results312
3.1 Validation of pre-enrichment using ultrafiltration
The validation test of the pre-enrichment method using ultrafiltration showed
a very good mass balance for the recovery of organic carbon (98% - 116%) and315
Hg (93% - 97%) (Table 1). About 10 % of the total organic carbon and Hg
was associated with the rinse fraction, likely representing the dead volume in
the ultrafiltration system and sorption to the membrane. Based on the good318
mass balance for DOC and Hg the blank levels are expected to be below
5% of the total Hg of a sample and thus did not have a significant eﬀect
on the measured Hg isotope signatures. The retentate of the SM sample321
spiked with 100 ng L−1 Hg and a retentate of a SM blank sample spiked
with 1000 ng L−1 Hg after ultrafiltration were freeze-dried, combusted in the
two-stage oven system and analyzed for Hg isotope signatures. The yield324
of Hg in the trap solution of the oven combustion system compared to the
amount of Hg in the retentate was 83 % for the 100 ppt spiked SM sample
and on average 88 % (±14 %) for the boreal runoﬀ samples (ESI Table327
S7). The Hg isotope signature of the ETH-Fluka standard spiked to the SM
water and processed by the ultrafiltration, freeze-drying and two-stage oven
combustion method was identical within analytical uncertainty (2SD) to the330
results of the directly measured ETH-Fluka standard (Table 1), confirming
that the enrichment procedure did not cause any Hg isotope fractionation.
We therefore conclude that the sample enrichment using ultrafiltration is a333
suitable method to measure Hg isotope signatures of aqueous samples with
high NOM concentrations.
336
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3.2 Hg isotope signatures in clear-cut soils and catch-
ment runoﬀ
For all four forest sites, Hg associated with NOM in catchment runoﬀ had339
negative δ202Hg (-2.29 ! to -1.99 !), ∆199Hg (-0.42 ! to -0.33 !) and
∆200Hg values (-0.12 ! to -0.01 !) (Figure 2 a,d,f and i). Hg isotope sig-
natures in soil samples of clear-cut sites were characterized by isotopically342
light δ202Hg signature (MDF, δ202Hg = -2.48 ! to -1.64 !), a depletion
in odd-mass isotopes (odd-MIF, ∆199Hg = -0.49 ! to -0.31!) and small
negative even-MIF (∆200Hg = -0.08 ! to 0 !) (Table 2, Figure 2 d and i).345
The δ202Hg, ∆199Hg and ∆200Hg signatures of the clear-cut soil and runoﬀ
samples were in the range of the Hg isotope signatures measured in the soils
of the same boreal forest catchments [33](δ202Hg = -2.56 ! to -1.55 ! and348
∆199Hg=-0.48 ! to -0.24 !)[33] (Figure 2 a,d,f and i) and consistent with
other observations in soils, generally reporting negative δ202Hg and ∆199Hg
values [29, 31, 32, 34, 64, 65]. The water sample of the larger Lillsele stream351
had MDF (δ202Hg = -2.01!) and MIF (∆199Hg = -0.33 !) signatures simi-
lar to the four runoﬀ samples from the boreal catchments which are draining
into the Lillsele stream (Table 3). Also the lake inlet (VK-Inlet) had MDF354
(δ202Hg = -1.76 !) and MIF (∆199Hg = -0.25 !) signatures similar to the
runoﬀ samples from the boreal catchments (Table 2). The δ202Hg signature
of the lake outlet, representing the mixed lake water (VK-outlet), was sim-357
ilar to the lake inlet (δ202Hg = -1.92 !), however its ∆199Hg signature was
diﬀerent from all soil and runoﬀ samples (∆199Hg = 0.04 !). All soil and
natural water samples had a ∆199Hg/∆201Hg ratio of ≈1 within analytical360
uncertainty and the samples did not exhibit an anomaly in ∆200Hg (Table 3).
The radiocarbon signature (F14C) in the runoﬀ (1.10 and 1.11 for reference
site 1 and 2, respectively, Figure 2 b and g) indicated that the presence of363
post-bomb carbon was similar to the radiocarbon signatures measured for the
organic topsoil horizons Oe/He (1.12±0.01 for both sites) and diﬀerent from
the underlying organic Oa/Ha (0.95±0.06 and 1.20±0.05) and mineral E+B366
(1.01±0.04 and 1.05±0.05) horizons (ESI Table S4). We did not observe any
statistical diﬀerence in F14C between the bulk soil and the extracted humic
14
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acid fraction of selected soil samples (Figure S5), supporting that the F14C369
leaching from a soil horizon is similar to its bulk F14C signature. The Hg/C
ratios in the catchment runoﬀ was generally lower (average of all 4 sites: 0.31
µg g−1) than in the soils. The Hg/C ratio in soil increased with soil depth372
from the uppermost horizons (Oe/He, average: 0.42 µg g−1) to the underly-
ing organic Oa/Ha (average: 0.68 µg g−1) and mineral E+B (average: 1.21
µg g−1) horizons (Figure 2 c, e, h, and j, Table S2).375
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Table 2: Hg isotope data of soil samples from clear-cut sites. Samples were
taken from 5 soil profiles with increasing distance to the stream (P1 to P5). The
soil samples are categorized as Oe/He for the organic surface horizons, Oa/Ha
for underlying more decomposed organic horizons, and B for the mineral horizon.
Sample δ202Hg ∆199Hg ∆200Hg ∆201Hg ∆204Hg ∆199Hg/∆201Hg
(!) (!) (!) (!) (!)
clear-cut site - 1
P2-He -1.64 -0.43 -0.03 -0.40 0.02 1.08
P3-Oe -2.21 -0.33 -0.01 -0.32 0.07 1.03
P4-Oe -2.27 -0.43 -0.03 -0.43 0.11 0.98
P5-Oe -2.04 -0.31 0.00 -0.28 0.03 1.08
P2-Ha -1.68 -0.43 -0.08 -0.43 -0.03 1.00
P3-Oa -1.76 -0.33 -0.06 -0.28 0.10 1.16
P4-Oa -2.00 -0.34 -0.01 -0.34 0.10 0.99
P5-B -1.76 -0.41 -0.03 -0.40 0.05 1.04
clear-cut site - 2
P2-He -2.48 -0.49 -0.02 -0.46 0.07 1.08
P3-He -2.20 -0.39 -0.07 -0.38 -0.04 1.02
P4-He -2.13 -0.38 -0.05 -0.34 0.02 1.12
P5-Oe -2.21 -0.37 -0.04 -0.29 -0.01 1.29
P2-Ha -1.91 -0.47 -0.07 -0.39 -0.01 1.19
P3-Ha -1.75 -0.44 -0.03 -0.38 0.04 1.17
P4-Ha -1.76 -0.44 -0.02 -0.44 -0.02 1.01
P5-Oa -1.93 -0.31 -0.06 -0.33 0.03 0.95
16
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Figure 2: Water sample results (stars) of catchment runoﬀ in comparison with
major pools of boreal forest soils in four sites (two intact forests (reference
site 1 and 2) and two harvested forest sites (clear-cut site 1 and 2): Hg isotope
signatures (δ202Hg vs. ∆199Hg, panels a, d, f and i), radiocarbon signatures
(F14C, panels b and g) and Hg to carbon ratios (Hg:C, panels c, e, h and j).
Soil data from clear-cut sites are from this study, soil data of reference sites
are from Jiskra et al.[33].
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4 Discussion378
4.1 Hg isotope signatures of boreal catchment runoﬀ
The runoﬀ samples were collected on days with no precipitation (Figure S4)
and the runoﬀ represented moderate to high flow conditions, typical for fall381
[21]. Precipitation, a potentially important source for Hg in soil runoﬀ, was
previously observed to have a Hg isotope signature (δ202Hg= -1.7 ! to 0.5
! and ∆199Hg=-0.1! to 1.1 !, 5- to 95-percentile, <25 ng L−1, n=58)384
[25, 26, 27, 28, 29, 31] which is distinct from the soil and runoﬀ samples.
Using the binary mixing model between litter- and precipitation-derived Hg
based on triple Hg isotope signatures (δ202Hg, ∆199Hg, ∆200Hg) established in387
Jiskra et al. [33], we calculated the contribution of precipitation-derived Hg
in the runoﬀ samples. The calculated contribution of precipitation-derived
Hg in runoﬀ samples was on average 13 % (± 5%) for all sites and thus not390
significantly diﬀerent from the average contribution of precipitation-derived
Hg reported for the soil samples (average 10 %) [33]. Systematically positive
anomalies on the even-mass isotopes (average∆200Hg=0.27!) were reported393
for precipitation [25, 26, 27, 28, 29, 31], whereas atmospheric Hg0 is associ-
ated with slight negative ∆200Hg values (average -0.05!) [25, 30, 31, 32, 66].
Foliar uptake of atmospheric Hg0 is associated with a large MDF fraction-396
ation towards negative δ202Hg values, whereas there is no fractionation in
∆199Hg and ∆200Hg [29, 31, 67]. As potential post-deposition processes (e.g.
re-emission) appear not to aﬀect ∆200Hg isotope signatures, it has been sug-399
gested that ∆200Hg isotope signatures are a robust fingerprint to trace atmo-
spheric sources in terrestrial [31] and aquatic [68] ecosystems. The significant
negative∆200Hg anomalies in soil (p<0.01, z-test) and runoﬀ (p<0.01, z-test)402
samples (Figure 3) provides strong support that atmospheric Hg0, and not
precipitation-derived HgII represents the dominant source of atmospheric Hg
deposition for the boreal forest catchment studied here. This finding is in405
agreement with the calculated low contribution of precipitation-derived Hg in
the runoﬀ samples. We therefore conclude that at days without rainfall and
at moderate to high flow conditions prevalent during the sampling period in408
19
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September 2012, NOM-bound Hg in runoﬀ was dominated by Hg mobilized
from the soil horizons and additional direct runoﬀ of precipitation-derived
Hg played no significant role. This is in agreement with hydrological studies411
showing that runoﬀ during rain events in fall is dominated by ”old soil water”
in these types of boreal forest catchments dominated by Podzols/Histosols
along riparian zones of streams [69]. The sample of the nearby lake studied414
here and other lake samples from Ontario, Canada [43] (Figure 3) were char-
acterized by stable Hg isotope signatures that suggest higher contributions
(16 ±10 % for the nearby lake and 42 ±26 % for Ontario) of precipitation-417
derived Hg.
The Hg in the catchment runoﬀ could potentially be aﬀected by Hg iso-
tope fractionation caused by secondary processes resulting in an oﬀset of the420
runoﬀ isotope signature compared to the soils. In case the mobilization of
Hg from the soil would be controlled by an exchange of Hg between NOM in
soils and NOM in runoﬀ, involving inorganic Hg(II) complexes in solution,423
an enrichment of heavy isotopes in the dissolved phase would be expected
as observed for Hg(II) sorption to thiol-groups [53]. However, the process
of Hg desorption from natural organic matter (NOM) has been shown to be426
very slow [70], and therefore it appears more plausible that Hg is mobilized
from soils along with NOM, while the strong Hg(II)-NOM complexes remain
intact. Reductive loss of Hg during transport from the soil to the runoﬀ429
could represent another plausible cause for Hg isotope fractionation; how-
ever the samples were taken in very small creeks and the exposure time to
sunlight was minimal. Furthermore, all known reduction mechanisms cause432
an enrichment of lighter isotopes in the reduced Hg0 phase [71, 72, 73]. Both
of these potential secondary processes would lead to heavier δ202Hg isotope
signatures in the runoﬀ, however we see no evidence for secondary processes435
in the runoﬀ samples which were characterized by relatively light δ202Hg
values (δ202Hg= -1.99 ! to -2.29 !). A third potential secondary process
would be the change in speciation during transfer in the runoﬀ or sample438
processing from HgS nanoparticles to thermodynamically more stable Hg-
SH complexes with NOM. The Hg isotope fractionation between dissolved
Hg(II) and thiol-bound Hg [53] and Hg-sulfide [61] is very similar (-0.6 !441
20
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in δ202Hg with respect to aqueous Hg(II)). We therefore expect that the po-
tential change in speciation between Hg-SH and Hg-S does not lead to a
significant change in the δ202Hg isotope signature of the runoﬀ. As the Hg444
isotope signatures of the runoﬀ samples were in the range of the soil samples
we suggest that eﬀects from Hg isotope fractionation caused by secondary
processes were negligible and that stable Hg isotopes have the potential as447
tracer to elucidate source and flow pathways of Hg. We therefore used a mix-
ing model to describe the contributions of diﬀerent soil horizons, exhibiting
distinct end-member signatures, to the Hg in the runoﬀ. All runoﬀ data were450
well described by a mixing of Hg isotope signatures from diﬀerent soil hori-
zons. The results of the mixing model suggest that for most of the sites the
majority of the Hg originated from the surface Oe/He horizons with 71±17%453
and 58±18% for the reference sites 1 and 2, and 55±25 % and 48±22 % for
the clear-cut sites 1 and 2, respectively. The remaining fraction (28 % - 52
%) originated from the deeper more humified organic Ha/Oa horizon and the456
mineral E+B horizon (Figure 4a, ESI Table S6).
4.2 Comparison of Hg isotope signatures to radiocar-
bon signatures and Hg:C ratios459
The radiocarbon signatures (F14C) of NOM in the runoﬀ of two reference
sites were identical to the radiocarbon signatures reported for the Oe/He
horizons [33] (Figure 2b and 2g). A high fraction of NOM in runoﬀ originat-462
ing from uppermost Oe/He horizons would be in agreement with a lysimeter
study, reporting that Oe horizons of Podzols are the dominant source for
NOM in soil leachates [74]. Another study on boreal spruce forests in Swe-465
den, however, indicated that NOM in soil solution collected from mineral B
horizons was derived from the mineral horizon itself [75]. Despite the fact
that there are large stocks of old carbon (100 to 1000 years, F14C <1) mainly468
in Ha horizons of Histosols [33], the runoﬀ was characterized by the presence
of post-bomb carbon (F14C >1, Figure 2), and thus dominated by young
NOM from the Oe/He horizons, in agreement with previous findings based471
on radiocarbon signatures [76, 77, 78]. NOM has a governing role for the
21
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mobility of Hg in soils, based on the high binding aﬃnity of thiol groups in
organic matter for Hg(II) [6]. We observed an increase of the Hg:C ratios474
with soil depth both in the clear-cut samples presented here and the refer-
ence samples presented in Jiskra et al.[33], similar to previous observations
[7, 79, 80, 81, 82]. The Hg:C ratios of the runoﬀ samples were similar to the477
Hg:C ratios of the Oe/He horizons of the corresponding catchment (Figure
2c, 2e, 2h and 2j) and generally lower than Hg:C ratios in the Oa/Ha and
mineral horizons.480
Many studies observed a correlation between dissolved Hg and NOM con-
centration [7, 8, 9, 10, 11, 83]. Based on this correlation, it has been sug-
gested that it may be possible to trace the origin of Hg to soil horizons by483
comparing the Hg:C ratios in the runoﬀ with Hg:C ratios of the solid phases
[7]. However, other studies have observed independent dynamics of Hg and
NOM, e.g., after snowmelt [84]. We observed slightly lower Hg:C ratios in486
the runoﬀ compared to the uppermost Oe/He horizons. This diﬀerence might
originate from a larger mobility of young NOM derived from the decomposi-
tion of fresh litter which exhibits the lowest Hg:C ratios. With our sampling489
strategy, where we sampled discrete soil horizons of 5 to 15 cm thickness, we
are not able to resolve younger and potentially more mobile soil pools. The
lower Hg:C ratios observed in the runoﬀ speak against a preferential leaching492
of HgS nanoparticles from soils to runoﬀ, where one would expect higher
Hg:C ratios in the terrestrial runoﬀ.
In our study, the fingerprint of Hg isotope ratios, a potential tracer for495
the Hg source, the radiocarbon signature, a tracer for the NOM source, and
the Hg:C ratio in the runoﬀ samples were all in good agreement with the
respective fingerprints of the Oe/He horizons (Figure 3a). The similarity of498
the three signatures aﬃrms the strong link between NOM and Hg.
4.3 Mobility of Hg in boreal forest soils
We calculated the mobility of Hg from the diﬀerent soil horizons as percentage501
of monthly outflow relative to the total soil horizon pool (Figure 4b) based on
estimates for the Hg pool sizes in the soils by Kronberg et al. [22] (ESI Table
22
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S5) and the source contribution modeled with the Hg isotope signatures (ESI504
Table S6). The organic topsoil horizons Oe/He showed a Hg mobility between
0.01 and 0.04 % month−1 at all four investigated sites (Figure 4b). The
mobility of the underlying organic Oa/Ha and the mineral B horizons was507
consistently lower at all four sites (Figure 4b). However only the diﬀerence of
reference site 1 was statistically significant (p<0.05, z-test). With time the
more mobile fraction of NOM is washed out of the system and the remaining510
fraction of NOM in Oa/Ha horizons is characterized by a higher degree of
humification, and might therefore have a reduced potential for mobilization
of NOM and Hg. Furthermore, the hydraulic conductivity of boreal soils has513
been reported to decrease with soil depth, allowing higher lateral flow in the
uppermost soil horizons [85, 86, 87, 88, 69]. The very low Hg mobility in
the Histosol Ha horizon at reference site 1 (≈0.0005 % month−1) is likely516
related to the low hydraulic conductivity of peat soils [88], hampering the
transport of water through the Ha horizon to the runoﬀ. In contrast, the
expected higher hydraulic conductivity of Podzol Oa horizons at reference519
site 2 can be assumed to allow a higher transport to the runoﬀ. This would
be in line with the constant fraction of precipitation-derived Hg in the deeper
Histosol Ha horizons, compared to an accumulation of precipitation-derived522
Hg over time through vertical infiltration in the deeper Podzol Oa and B
horizons observed by Jiskra et al. [33]. It has to be considered that the
above discussed mobility is based on a single sampling event at ”mid-fall525
runoﬀ conditions” condition. Further in-depth investigations on seasonal
trends are needed to assess the overall mobility of Hg in such ecosystems.
4.4 Eﬀects of forest harvest528
We have previously reported that forest harvest of the clear-cut sites 1 and
2 have led to an increase in MeHg concentration in the soil pool from <1
% to ≈7 % [21, 22]. Comparing the bulk Hg isotope composition in the531
soil horizons (Oe/He and Oa/Ha, Table 2) of the clear-cut sites with the
respective soil horizons of the reference sites 1 and 2 [33], we find no sig-
nificant diﬀerence between the two sites (p>0.4, t-test). We conclude that534
23
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the processes associated with forest harvest did not aﬀect the large bulk soil
Hg pool in the two years between clear-cut and soil sampling to an extent
that would alter the Hg stable isotope signatures. The harvesting of forest537
by clear-cutting has been shown to have significant eﬀects on MeHg con-
centrations in the catchment runoﬀ and in biota of the associated aquatic
ecosystems [9, 16, 17, 18, 19, 20, 21, 22]. Forest clear-cut and site prepa-540
ration has been shown to enhance the NOM mobilization and runoﬀ flux
compared to intact reference sites [89, 90, 21]. The Hg isotope signatures in
the runoﬀ of clear-cut sites could potentially indicate a higher contribution543
of Hg from underlying Oa/Ha horizons (≈50%) as compared to the refer-
ence sites (Figure 3), however this diﬀerence was not significant. Similarly,
radiocarbon signatures revealed a mobilization of old carbon from peat soils546
impacted by land-use change [78, 91]. Higher sample sizes would be needed
to get a conclusive result on the eﬀect of forest harvest on the mobilization
of Hg from lower soil horizons.549
4.5 Conclusion
Using a pre-enrichment method based on ultrafiltration, we measured Hg
isotope signatures of Hg associated with high molecular weight NOM from552
boreal forest runoﬀ. Whereas the analytical pre-enrichment technique pre-
sented here has proven useful to analyze Hg isotope composition in NOM-rich
water, it relied on large sample quantities and was very labour intensive. The555
application of the ultrafiltration technique will allow to further investigate
specific questions on the shuttling of Hg by NOM, and analyzing Hg iso-
topes in natural surface water with high NOM concentration. In order to558
process larger quantities of samples and analyze Hg isotopes in surface wa-
ters exhibiting lower NOM concentrations alternative approaches, e.g. based
on purge and trap methods might prove more suitable. We found that the561
Hg isotope signatures in the boreal soil runoﬀ were very similar to the Hg
isotope signatures of the surrounding soils and conclude that the majority of
Hg in the runoﬀ originates from the deposition of atmospheric Hg0 through564
vegetation uptake. We suggest that the diﬀerent Hg isotope signatures found
24
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in diﬀerent soil horizons can be useful to assess the contribution of diﬀerent
soil horizons to terrestrial runoﬀ. This approach might serve very useful to567
assess the future development of Hg loads in runoﬀ with changing atmo-
spheric Hg concentrations and climatic conditions. The exploratory data on
Hg isotope signatures in runoﬀ from boreal forest soils presented here do not570
allow extrapolation to global scale, as they are limited on a temporal and
spatial resolution. The findings however illustrate the potential of Hg stable
isotopes to trace the source of Hg from atmospheric deposition through a ter-573
restrial ecosystem. Rivers fluxes, transporting terrestrial and anthropogenic
Hg, represents an important Hg source to the oceans [92, 93]. Foliar uptake of
atmospheric Hg0 was found to be the dominant atmospheric deposition path-576
way to many terrestrial ecosystems around the globe [29, 31, 32, 33, 34, 94].
As a result, soils are generally characterized by negative δ202Hg values from
the isotopic fractionation during foliar uptake and ∆199Hg and ∆200Hg val-579
ues similar to atmospheric Hg0 [29, 31, 32, 33, 34, 94]. This characteristic
”terrestrial” isotopic fingerprint has the potential to trace the contribution
of terrestrial Hg e.g. to living biota [40, 42, 95] or sediments in lakes [68] and582
the ocean [96, 97].
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Figure S1: Map of water sampling sites. The diﬀerent water sampling lo-
cations are indicated at the lower panel. The four boreal forest catchments
(reference site 1 and 2 in green and clear-cut site 1 and 2 in red) drain in the
same Lillsele stream.
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Figure S2: a) Precipitation at Junsele SMHI over whole sampling campaign
from Mai 2011 to September 2012 (Data from Swedish Meterological Insti-
tute, SMHI). Hg/C ratios of the four sites: b) reference site - 1, c) reference
site - 2, d) clear-cut site 1, and d) clear-cut site 2. (Data from Kronberg [1],
[2]).
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Figure S3: Hg/C ratios of boreal forest sites: The symbols represent the
average and the error bars 2 standard deviation of the measured values.
Figure S4: Precipitation at Junsele SMHI station during September 2012
(Data from Swedish Meterological Institute, SMHI). The arrows indicate the
days of sampling.
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Radiocarbon dating
In addition to the radiocarbon dating of the bulk soil samples we performed
humic acid extractions of a selection of samples. We followed an extraction
procedure for the humic acid fraction adapted from the International Humic
Substances Society (IHSS)[3]. 10 g of soil sample was added to 100 ml 0.1 M
HCl and shaken on a horizontal shaker for 1h. Then pH was adjusted to 7
with 1 M NaOH and 0.1 M NaOH was added to reach a solid to solution ratio
of 1:10. The soil samples were shaken for 4.5 h followed by sedimentation
over night under N2 atmosphere. The samples were centrifuged at 1000 rpm
for 12 min and the humic acid extract decanted. The humic acid extract was
then freeze-dried for radiocarbon analysis.
Figure S5: Comparison of radiocarbon signatures from bulk soils and hu-
mic acid extracts: The error bars represent two standard deviations of the
analytical precision.
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Table S1: Concentration data of soil samples from clear-cut sites: Horizon thick-
ness, total Hg concentration (Hg tot), carbon (C) and nitrogen (N) concentration
(% weight), C/N ratio, Hg/C ratio, Si concentration, distance from first-order
stream (distance), and height of groundwater table (GWT) below surface during
the soil sampling campaign in 2011. Distance and GWT are reproduced from
Kronberg et al. [1][2].
Sample horizon Hg tot C N C/N Hg/C Si distance GWT
(cm) (ng g−1) (%) (%) (g g−1) (µg g−1) (mg g−1) (m) (cm)
clear-cut site - 1
P1-He 4 378 39.9 1.7 26.6 0.95 24 1 0
P2-He 4 164 43.6 1.3 38.4 0.38 9 12 6
P3-Oe 8 107 43.0 0.9 56.7 0.25 6 24 34
P4-Oe 5 143 37.6 1.1 39.4 0.38 19 51 25
P5-Oe 9 312 40.3 1.3 36.0 0.77 18 72 >50
P1-Ha 23 340 32.3 1.3 28.3 1.05 48 1 0
P2-Ha 30 262 29.2 1.3 26.6 0.90 77 12 6
P3-Oa 4 216 45.7 1.1 49.4 0.47 7 24 34
P4-Oa 8 182 33.1 1.4 27.0 0.55 40 51 25
P5-E 3 18 1.9 <0.1 104.9 0.93 262 72 >50
P5-B nd 60 4.8 0.1 51.3 1.25 178 72 >50
clear-cut site - 2
P1-He 7 235 42.9 1.6 31.4 0.55 11 1 34
P2-He 6 246 50.1 1.5 40.1 0.49 8 6 29
P3-He 5 176 46.2 1.3 42.0 0.38 6 10 12
P4-He 7 137 43.7 1.3 39.5 0.31 5 22 10
P5-Oe 4 199 41.8 1.3 37.2 0.48 12 13 >40
P1-Ha 30 220 31.3 1.6 22.2 0.70 34 1 34
P2-Ha 25 278 40.3 1.8 25.9 0.69 19 6 29
P3-Ha 35 260 38.0 1.8 24.6 0.69 18 10 12
P4-Ha 24 213 34.2 1.8 22.5 0.62 29 22 10
P5-Oa 3 273 36.4 1.0 41.8 0.75 22 13 >40
P5-E 7 11 0.8 <0.1 nd 1.26 271 13 >40
P5-B nd 15 2.0 <0.1 nd 0.72 211 13 >40
nd = not determined
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Table S2: Concentration data of soil samples from reference sites: Horizon thick-
ness, total Hg concentration (Hg tot), carbon (C) and nitrogen (N) concentration
(% weight), C/N ratio, Hg/C ratio, Si concentration, distance from first-order
stream (distance), and height of groundwater table (GWT) below surface during
the soil sampling campaign in 2011. The concentration data are reproduced from
Jiskra et al. [4] and distance and GWT are reproduced from Kronberg et al.[1],
[2].
Sample horizon Hg tot C N C/N Hg/C Si Distance GWT
(cm) (ng g−1) (%) (%) (g g−1) (µg g−1) (µg g−1) (m) (cm)
reference site - 1
P1-He 5 180 39 1.90 20.5 465 3428 1 80
P2-He 10 209 45 1.92 23.5 464 3861 5 38
P3-He 8 171 43 1.74 24.7 397 3335 12 38
P4-He 10 131 52 1.59 32.7 252 2639 21 12
P5-Oe 5 121 43 1.00 42.4 284 5582 29 >50
P1-Ha 68 255 44 1.92 22.9 578 26720 1 80
P2-Ha 68 307 41 1.82 22.7 744 30020 5 38
P3-Ha 40 225 43 2.21 19.4 526 14750 13 38
P4-Ha 45 240 43 2.21 19.4 561 7662 21 12
reference site - 2
P1-Oe 10 91 40 0.53 75.9 229 4539 1 44
P2-Oe 10 160 51 1.01 51.0 311 9977 6 >40
P3-Oe 6 163 39 1.03 38.4 414 12210 14 >40
P4-Oe 4 147 45 1.01 44.1 329 11100 29 >40
P5-Oe 6 155 47 1.03 45.5 332 7340 34 >40
P1-Oa 2 188 29 0.65 44.5 646 74810 1 >40
P2-Oa 2 258 45 0.84 53.5 577 19680 6 >40
P3-Oa 2 313 38 0.91 42.3 815 16740 14 >40
P4-Oa 2 299 39 0.97 39.7 773 21020 29 >40
P5-Oa 2 247 40 0.94 42.8 616 41040 34 >40
nd = not determined
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Mixing model
To model the endmembers of the diﬀerent soil horizons we used the average
and variance of the measured results. The results of the Hg isotope signa-
tures, radiocarbon signatures and Hg/C ratios are provided in Table S4. For
soil horizons with only one measurement we used the standard deviation of
the analytical precision to estimate the variance on the soil horizon. For the
Hg isotope mixing a two-dimensional model combining MDF (δ202Hg) and
MIF (∆199) signatures was used as follows:
δ
202Hgmixed = fOe/He × δ
202HgOe/He + fOa/Ha × δ
202HgOa/Ha + fE+B × δ
202HgE+B
(1)
∆199Hgmixed = fOe/He ×∆
199HgOe/He + fOa/Ha ×∆
199HgOa/Ha + fE+B ×∆
199HgE+B
(2)
where f Oe/He, f Oa/Ha, and f E+B correspond to the fraction of Hg or C from
the Oe/He, Oa/Ha, and E+B horizon, respectively. The fractions of the
diﬀerent soil horizons were simulated using the linear distributed pseudoran-
dom number generation function and the tracer signatures were simulated
using the normal distributed pseudorandom number generation function of
Matlab (R2012a, MathWorks). The results from the model simulations were
compared to the measured values in the runoﬀ and the average and standard
deviation (σ) of model simulations in agreement with the measured values
are reported. Based on the fact that the Hg isotope signatures of the Oa/Ha
horizons and the E + B horizons are statistically not significantly diﬀerent,
the fraction of the Oa/Ha horizons and the E + B horizons are summed up
and reported in the manuscript as fraction Oa/Ha + E + B.
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Table S4: Compilation of Hg isotope signatures, radiocarbon signatures and
Hg/C ratios of diﬀerent soil horizons and boreal forest catchment runoﬀ. The
average and standard deviation of the measured Hg isotope data were used to
describe the source components in the mixing models.
Site δ202Hg ∆199Hg F14C Hg/C
n average σ n average σ n average σ n average σ
(!) (!) (!) (!) (µg g−1) (µg g−1)
reference site - 1
Oe/He 5 -2.05 0.10 5 -0.34 0.03 3 1.12 0.01 5 0.37 0.10
Oa/Ha 4 -1.67 0.09 4 -0.43 0.02 3 0.95 0.06 4 0.60 0.10
E 1 -1.80 1 -0.24 1 1.02 1 0.52
runoﬀ 1 -1.99 1 -0.33 1 1.10 8 0.25 0.05
reference site - 2
Oe 5 -2.41 0.12 5 -0.43 0.04 4 1.12 0.01 5 0.32 0.07
Oa 5 -2.04 0.08 5 -0.32 0.00 4 1.20 0.05 5 0.69 0.10
E/B 2 -2.10 0.06 2 -0.33 0.03 2 1.05 0.07 2 1.56 0.44
runoﬀ 1 -2.29 1 -0.38 1 1.11 8 0.29 0.05
clear-cut site - 1
Oe/He 4 -2.04 0.28 4 -0.37 0.06 5 0.55 0.30
Oa/Ha 2 -1.81 0.17 3 -0.37 0.06 4 0.74 0.28
E/B 1 -1.76 1 -0.41 2 1.09 0.22
runoﬀ 1 -2.05 1 -0.42 9 0.43 0.12
clear-cut site - 2
Oe/He 4 -2.25 0.15 4 -0.41 0.06 5 0.44 0.09
Oa/Ha 4 -1.84 0.09 4 -0.41 0.07 5 0.69 0.05
E/B 0 0 2 0.99 0.22
runoﬀ 1 -2.01 1 -0.39 9 0.30 0.05
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Table S5: Hg pool size (Hg tot pool) and outflow during sampling period of
September 2012 (Outflow) of boreal forest catchments. Data from Kronberg et
al. [1] [2].
Site Hg tot pool Outflow
average σ average σ
g ha−1 g ha−1 mg ha−1 month−1 mg ha−1 month−1
reference site - 1
Oe/He 4.6 1.7 1.2 0.3
Oa/Ha 92.8 40.9 0.4 0.3
total 97.4 1.6 0.13
reference site - 2
Oe 4.0 1.7 0.9 0.30
Oa 10.0 2.0 0.6 0.40
total 14.0 1.5 0.11
clear-cut site - 1
Oe/He 8.8 4.4 2.7 1.20
Oa/Ha 18.8 6.3 2.2 0.30
total 27.6 4.9 0.35
clear-cut site - 2
Oe/He 8.0 2.4 2.7 1.20
Oa/Ha 56.2 23.8 2.9 1.20
total 64.2 5.6 0.47
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Table S6: Results of mixing models: Contributions of diﬀerent soil horizons to
Hg in runoﬀ based on Hg isotopes
Site average f σ f
(%) (%)
reference site - 1
Oe/He 71 17
Oa/Ha 12 11
E 16 14
reference site - 2
Oe 58 18
Oa 20 15
E/B 22 16
clear-cut site - 1
Oe/He 55 25
Oa/Ha 25 21
B 20 16
clear-cut site - 2
Oe/He 48 22
Oa/Ha 52 9
E/B
Table S7: Validation of enrichment by ultrafiltration: Enrichment factor of Hg
concentration in retentate relative to initial concentration, Percentage of Hg in
retentate relative to total Hg in 50 L sample and yield of Hg in trap solution
relative to Hg in retentate
Site Enrichment factor Hg in retentate yield
(%) (%)
reference site - 1 19 39 99
reference site - 2 32 50 76
clearcut site - 1 12 22 100
clearcut site - 2 15 33 70
Lillsele stream 21 44 92
13
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Table S8: Model results of fraction of precipitation-derived Hg relative to litter-
derived Hg in runoﬀ samples (see model description in Jiskra et al., 2015 [4]).
Site fprecipitation SD
reference site - 1 0.15 0.05
reference site - 2 0.09 0.03
clearcut site - 1 0.13 0.04
clearcut site - 2 0.13 0.05
Lillsele stream 0.15 0.04
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